Coded excitation (CE) using frequency modulated signals (chirps) combined with modified matched filtering has earlier been presented showing promising results in simulations and in-vitro. In this study an experimental ultrasound system is evaluated in a clinical setting, where image sequences are assessed by skilled medical doctors. The effect on penetration depth and image quality were measured. A modified clinical scanner with a 4 MHz single element mechanical transducer, and external transmitter and receiver boards (RASMUS system) were used. The system allowed rapid toggling between chirp and short pulse excitation to simultaneously produce identical image sequences using both techniques. Nine healthy male volunteers were scanned in abdominal locations. All sequences were evaluated by 3 skilled medical doctors, blinded to each other and to the technique used. They assessed the depth 1) in which image quality decreased and 2) in which the image would be insufficient for clinical diagnosis. Furthermore they compared image quality in matching pairs of conventional and CE images. The average increase in penetration depth were almost 2 cm. Side-by-side comparison showed that coded image quality was consistently rated better; significant (p≤0.05) when images were cropped at minimum the depth for good image quality and highly significant (p<0.001) when cropped at maximum depth sufficient for clinical diagnosis. We conclude that coded excitation with linear FM chirps improves 
I INTRODUCTION
There has been an increasing interest in utilizing more sophisticated excitation signals, than the single-carrier short pulses currently used in ultrasound scanners, to increase the signal-to-noise ratio (SNR). Higher SNR will allow imaging of structures located deeper inside the human body or alternatively allow migration to higher frequencies, which in turn will result in images with better resolution. This way either penetration or image resolution can be gained without loosing the other.
The aim of this study was to evaluate the performance of coded excitation in-vivo. The following two null hypotheses were tested: 1) Coded excitation has no effect on penetration depth and 2) Coded excitation has no effect on image quality.
II MATERIAL AND METHODS
Nine healthy male volunteers were scanned in supine position by an experienced sonographer (MHP). Mean age was 32.6 (from 25.5 to 42.5) years, mean weight 76.9 (from 65 to 93) kg and mean body mass index (BMI) was 23.5 (from 20.1 to 27.7). Three different views were scanned in each of the nine persons (Table 1), yielding 54 cine-loop sequences (27 paired sequences). At each location an interleaved sequence of 2 seconds (30 frames) duration was recorded.
A modified clinical ultrasound scanner (Type 3535, B-K Medical A/S, Herlev, Denmark) was used with a mechanical transducer (Model 8534, 4 MHz pivoting focused piston type). External transmitter and receiver Epigastric transverse section of liver pointing to the right depicting the right liver lobe. boards were both developed and produced at CFU as a part of our Remotely Accessible Software-configurable Multi-channel Ultrasound System (RASMUS) [1] . The transmit signal was amplified using a power RF amplifier (RITEC 5000) designed to drive ultrasound transducers. Amplification and time-gain compensation were done by the scanner before sampling by the receiver board (12 bits at 40 MHz). B-mode display on the scanner allowed orientation of the transducer before and during acquisition. The transmitter's ability to rapidly toggle between different pulse types during scanning were used to record pulsed and coded images interleaved. Hereby, every second frame was pulsed and coded respectively, providing images of the exact same location being directly comparable. The recording was done at 13 frames per second (fps), yielding 6.5 fps of each kind.
The short pulse used was a 1 1 2 -cycle Hanning weighted cosine at 4 MHz with a 65% fractional bandwidth (-3 dB). The coded waveform was a linear FM signal sweeping a fractional bandwidth of 110%. The signal was shaped using a Tukey window with a duration of 0.15 times pulse duration [2] , resulting in a transmitted signal with a fractional BW of 65% like the short pulse.
Intensity measurements were carried out using a calibrated hydrophone in a water-tank. Standard intensities and mechanical index were far below the recommended maximum values (Table 2 ).
All data processing were done using MATLAB (MathWorks Inc., Natick, Mass., USA). Both coded and pulsed data were compressed by the appropriate filter to maximize SNR. The short pulse signal was compressed using a matched filter, the chirp using the mismatched filter described in [2] , which is the linear FM signal weighted using a Chebyshev window with a 80 dB sidelobe level. Then envelope detection (Hilbert transform Table 2 : Measured ultrasound intensities.
followed by absolute value) and log-compression were carried out. The TGC was corrected before scan-line conversion using automatic post-processing based on statistical properties of the recorded data (method described in [3] ).
Every image sequence was converted to movie clips (AVI-files using lossless compression -Huffyuv CODEC v2.1.1 1 ) for evaluation on an ordinary PC. Three experienced sonographers (medical doctors) evaluated the cine-loops. None of them were otherwise involved in the project, nor had they seen any of the images beforehand. Evaluations were done blinded and independently of each other.
All 54 sequences (27 pulsed and 27 coded) were presented in random order to each sonographer with no information on the type of technique used.
For each, two questions were to be answered : To compare the image quality of coded and conventional imaging, matching pairs of image sequences recorded at the exact same location were showed simultaneously side-by-side in random order, with the conventional or coded image randomly placed to the left to avoid bias from potential left-right preferences or expectancies in the examiners. For each of the 27 image pairs, two cine-loops were created. The images were cropped below the depths: d magiq and d maui calculated for each image pair from the answers to Questions 1 and 2:
where N is the total number of examiners and d 1,Q 2 ,C means examiner one's answer to Question 2 for the coded image. The first depth (d magiq ) represents the "minimum average good image quality" depth for the image pair. The second (d maui ) represents the "maximum average usable image" depth. Comparison of the images cropped at d magiq therefore only evaluates image quality within a range, where both techniques should provide good image quality according to the sonographers' evaluation.
Comparison of images cut at the second depth d maui evaluates image quality within the maximum usable range of that pair judged by the sonographers. In this case, images produced by the technique with best penetration are expected to do best.
This distinction was made to evaluate, not only if codes could improve image quality by increasing penetration depth (d maui ), but also if it provides the same image quality at the range readily obtainable by conventional pulsed ultrasound imaging (d magiq ). For each of the 54 pairs the sonographers were asked which of the two images was better (Fig. 2 ) by scoring on a visual analog scale (Fig. 3) . To avoid attraction to the divisions of the scale only the line without numbers and explanations were shown during the actual scoring of each image pair. The data analysis language R (http://cran.rproject.org/) was used for statistical computations. Student's (one sample) t-test was used on the resulting differences in penetration depth, assuming normal distribution (supported by the data). Two-sided tests were used. No assumptions of normal distributed data were made about side-by-side image comparisons. Consequently, Wilcoxon signed rank test with continuity correction was used on VAS results.
III RESULTS
The resulting coded ultrasound images were generally good, with less noise and better penetration than corresponding conventional images.
The penetration differences between coded and con-ventional imaging are listed in In images cropped at d magiq the difference was just barely there, though significantly in favor of coded imaging, with examiner mean values from 1.61 to 3.48 on the VAS ranging from -60.0 to 60.0 (Table 4) .
The difference was more pronounced in images cropped at d maui with mean scores 18.5, 13.9, and 5.87 respectively; highly significant, in favor of coded imaging (Table 4) .
IV DISCUSSION
The experimental setup allowing simultaneous recording of both coded and conventional pulsed excitation images, provided a good platform for a direct comparison of paired image sequences acquired under the exact same circumstances.
To our best knowledge clinical evaluation of coded excitation has not been reported before (PubMed -Medline). The present work shows that coded excitation performs well in-vivo. No severe artifacts except repeating echoes before and after very strong specular reflectors, such as the diaphragm, were encountered. We believe this problem will be solved using optimized receive amplifiers.
Blinded evaluation by medical doctors showed increased penetration and image quality using CE. As predicted by previous simulations and in-vitro studies, CE significantly increased the imaging depth in a clinical setting with almost 2 cm. Furthermore, images done using CE significantly preferred for clinical diagnosis by the doctors -even when cut off at penetration depths where conventional images begins to degrade.
The clinical benefit of increased penetration is obvious to the sonographer that daily experiences cases with insufficient penetration resulting in diagnostic uncertainty. Alternatively, a frequency increase yielding higher resolution whilst maintaining penetration is also appealing. The possible improvement of diagnosis, treatment and prognosis, though, remains to be tested in randomized controlled trials. 
